The research on natural enzyme mechanisms allows understanding, and ultimately proposing mechanisms to create artificial molecules with catalytic activity. One of the better-known enzymatic mechanisms is transition state stabilization; rationally designed transition-state analogs (haptens) have been employed with success to produce antibody molecules that catalyze numerous reactions. Catalytic antibodies are valuable tools for the study of biological catalysis. Analysis of representative antibody catalysts suggest a cause of their modest Abstract: The protein design toolbox has been greatly improved by the addition of enzyme computational simulations. Not only do they warrant a more ambitious and thorough exploration of sequence space, but a much higher number of variants and protein-ligand systems can be analyzed in silico compared to experimental engineering methods. Modern computational tools are being used to redesign and also for de novo generation of enzymes. These approaches are contingent on a deep understanding of the reaction mechanism and the enzyme's three-dimensional structure coordinates, but the wealth of information produced by these analyses leads to greatly improved or even totally new types of catalysis.
greatly increased the practicality and effectiveness of computational chemistry for the study of biocatalysis. These methods are contingent on the knowledge of the enzyme's three-dimensional structure and of the reaction mechanism, but nowadays it is much easier to obtain this kind of information.
Computational simulations of enzymes are a powerful addition to the protein design toolbox. Not only do simulations allow for a more ambitious and tentative exploration of the sequence space, compared to experimental engineering methods, but also a respectable number of variants and protein-ligand systems can be analyzed in silico. Nowadays, computational tools have been applied for the re-design and de novo generation of enzymes. When de novo or re-designed enzymes are not very efficient catalysts, further refinement by protein engineering tools such as directed evolution can increase the catalytic parameters. At the moment, simulation tools such as molecular dynamics (MD) and hybrid methods combining quantic mechanics and molecular mechanics (QM-MM) have been utilized mainly to rationalize the success (or failure) of designed enzymes, or to reduce the universe of possibilities by ranking feasible designs [1, 2] ; however, as calculation methods improve and computing power increases, they could become a cornerstone for a whole new wave of modern biocatalysts [3] .
De novo computational enzyme design 1 Introduction
Modern experimental techniques lack the resolution to analyze phenomena as rapid as proton or electron transfer that take place in the 10 -10 to 10 -15 s range yet extremely solid theoretical methods have been developed to study these chemical reactions. These techniques have been refined to complement (and confirm) experimental studies and to predict undetectable events at an atomic or subatomic scale. The development of modern theoretical algorithms concurrent to the improvement of computer power has
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Open Access efficiency, compared to natural enzymes, is a consequence of imperfect hapten design and indirect selection [4] . A different path to create artificial enzymatic activity involves rational design of molecules with particular structure, which in turn determines activity. Rational enzyme design pursues two central goals, the first is to propose a mechanism for speeding up the desired reaction, the second -closely related to the previousis to find (or create) a scaffold to construct the proposed mechanism.
Any accomplishment on any of the previous objectives translates into growth of the enzyme design field (a thorough review can be found in [5] ). In recent years, many achievements have been accomplished: design of buried polar interactions, oligomeric structures and novel topologies; introduction of diverse functional groups, like haem groups, metal-ions or artificial amino acids; creation of new enzymatic reactions not previously found in nature. A remarkable advance in enzyme design are newly developed tools, among those: employment of sequence binary patterns and secondary structure proneness, computational modeling and design of protein structure, evaluation of model structures using force fields, search algorithms for finding a proper scaffold to a modeled transition state among natural structures and quantum mechanics calculations for modeling transition states. The following examples illustrate the progress and strategies employed for protein design:
The initial reported enzyme designs took advantage of binary patterns in amino acid sequences to design peptides with secondary structures, particularly alpha helix, as scaffolds for positioning catalytic groups. In 1988 Tomikazu Sasaki reported the design and characterization of an artificial hemoprotein, called helichrome. In helichrome design a porphyrin ring attaches to four peptides, each an amphiphylic alpha helix, and together the four helixes create a hydrophobic pocket for substrate binding above the ring. Helichrome is soluble, has high alpha helical content, and has hydroxylase activity. The work highlights the simplification of the folding process by the introduction of an appropriate organic compound [6] .
Some years later, Johnson designed polypeptides that catalyze the decarboxylation of oxaloacetate via imine intermediate four orders of magnitude faster than simple amines. They studied the mechanism in amine-catalyzed decarboxylation and listed the active site characteristics required for catalysis; a lysine provides the functional amine group, and positively charged residues stabilize negative charges of the intermediate. An amphiphilic alpha helix constitutes the scaffold holding the active site and the helix form bundles but the bundles lack a unique three-dimensional structure. Understanding of the mechanism guided the design and interpretation of the results [7] .
The introduction of artificial amino acids expands the possibilities for design. Rossi et al. developed a Figure 1 . General process followed for rational enzyme design (the main steps are inside black squares and follow the thick arrows). Computational tools (blue squares) and wet lab experiments (red squares) aid along the process (thin arrows).
metallonuclease, for this they inserted two or more copies of the artificial amino acid ATANP into a proper position of a helix-loop-helix motif, the artificial amino acid bears a metal-ion binding site. The peptides show helical structure dependent on pH and metal-ion binding. The peptide and metal-ion complex catalyze the transesterification of the RNA model substrate [8] . Harbury et al. accomplished great progress on the design of protein structure. Their work describes the construction of oligomeric structures using alpha helical proteins as building monomers; they obtained dimers, trimers, or tetramers according to their initial goals. Hydrophobic-Polar residue patterning specified the overall fold; computational methods allowed control of oligomerization state, detailed main chain conformation, and interior side chain rotamer orientation [9] .
The first designed alpha-helix scaffolds had strong secondary structure but lacked defined tertiary structure, the group of Koder found that buried polar interactions and correct placement of hydrophobic and hydrophilic side chain induce native-like structure in helical bundle proteins [10] . The same group used this progress to create an O 2 binding protein; for this they assembled a four-helix bundle, positioned histidines to bind haem groups, and harnessed helical rotation. Packing of the protein interior reduces helical-interface mobility, excludes water and stabilizes oxygen binding without haem oxidation. O 2 binds tighter than CO and has similar affinity compared to natural globins with similar mechanism. The approach used develops a simple initial model, then progressively adds up the desired characteristics of the proposed enzyme mechanism, and allowed manipulation of protein motion by keeping low complexity [11] .
Design of new folds
A remarkable achievement is the creation of novel topologies. The Baker group used a computational strategy that iterates between sequence design and structure prediction to create a ninety-three-residue protein with a novel topology called Top7. The protein is extremely stable and the crystal structure confirms the atomic level accuracy of the design. The ability to create new folds expands the possibilities on enzyme design in creating new scaffolds [12] Structures present in natural proteins also serve as scaffolds for designed enzymes. Following a similar approach as Johnson 1993, mentioned above, the Taylor group proposed the use of a small size natural protein with stable structure as a scaffold − the bovine pancreatic polypeptide or bPP − for the active site and constructed a conformational stable oxaloacetate decarboxylase.
One solvent exposed face of the bPP presents the three active site lysines, the design adopted a stable structure in solution, and showed improved stability [13] . Nicoll et al. used the previous bPP scaffold to introduce an artificial esterase activity; they introduced two histidines near to each other; one histidine would act as the nucleophile of the reaction while the other could stabilize the anionic transition state. The knowledge of the reaction mechanism allowed them to predict the dependence of activity on pH, and the design revealed the feasibility of getting enzyme like behavior through interaction of several amino residues without the need of an active site pocket shielded from the solvent [14] .
Introduction of computational design methods has shown helpful for design on natural scaffold proteins, aiding in the design of a zinc binding sensor or an enzyme with histidine-mediated nucleophilic attack. Marvin et al. converted a maltose binding protein into a zinc sensor. The maltose binding protein presents two domains, the interface between the two domains lodges the binding site. The protein adopts an open conformation without the ligand and a closed conformation with bound maltose. The DEZYMER program generated initial designs that contained a tetrahedral zinc coordination site spanning the maltose-binding site. Then an iterative approach increased zinc affinity by combination of initial designed binding sites, optimization of the ion coordination sphere and modification of conformational equilibrium between open and closed states. They found that introduction of a new function sometimes implies the removal of vestigial interactions [15] . Bolon and Mayo identified enzyme-like active sites within a thioredoxin protein scaffold using a computational method; the target reaction was histidinemediated nucleophilic attack [16] . They modeled rotamers of the histidine-substrate transition state, then looked for a place in the scaffold where to place the models in a proper orientation and optimized the surrounding residues to increase the affinity to the substrate. In separate calculations, the ORBIT computational design program tested each position of the thioredoxin scaffold with the transition state models, and allowed to vary the remaining positions to other amino acids to form better interactions with the substrate. The top two sequences from the scanning were selected for experimental analysis and both proteins showed activity above background [16] .
Design of de novo activities
Enzyme design also developed new functions not previously found in natural enzymes. The Baker lab developed algorithms (most of them implemented in the Rosetta software) to construct active sites for multistep reactions, examples of those reactions are: retro-aldol reaction, carbon-carbon bond breaking in a non-natural substrate; Kemp elimination, proton transfer from carbon and Diels-Alder reaction, carbon-carbon bond formation. The protocol followed for the enzyme they design is as follows: in the first step they choose a catalytic mechanism and use quantum mechanical transition state calculations to create a theoretical active site with functional groups of the protein residues to stabilize the transition state, it is advisable to choose various catalytic mechanisms to increase the success probability; the second step is to accommodate the theoretical active site (or active sites in multiple step reactions) into a protein scaffold, using a hashing technique it is possible to explore a large set of possible active site in an efficient way; for each match in the previous step a gradient-based minimization optimizes the orientation of the transition state and the catalytic side chains; then residues surrounding the transition state are redesigned to maximize the stability of the active site conformation, the affinity to the transition state and the protein stability; finally the best designs are selected for experimental characterization on the basis of satisfaction of catalytic geometry, transition state binding energy and complementary shape.
Thirty two out of seventy two designs characterized have detectable retro-aldolase activity, eight out of 59 showed measurable activity in Kemp elimination assays and only two out of eighty four showed detectable DielsAlder activity; the success rate on the Diels-Alder reaction might seem low although considering the two substrates involved it is an unprecedented achievement in enzyme design. The X-ray crystal structure confirmed the atomic accuracy of the designs and mutational analysis confirms the detected activity depends on the computationally designed active sites [17] [18] [19] .
The knowledge of how a reaction happens provides the tools for enzyme design, at the same time enzyme design also provides tools to deepen our knowledge on how enzymes work. Tommos et al. constructed two small globular proteins, each protein contains a single tryptophan or a single tyrosine buried inside the core, this model allowed them to gain insight into the catalytically essential side-chain radicals present in some redox enzymes. They found aromatic amino acids raise their reduction potential when moved from a solution environment to an ordered one, like the interior of a protein. Design provides the tools for understanding enzyme mechanisms, an initial step for enzyme design [20] . Rational enzyme design still has a long way to go for reaching the acceleration rates found in natural enzymes, the solid advances presented so far present a promising panorama.
Molecular dynamics for protein engineering of de novo enzymes
We present in this section the role of molecular dynamics (MD), highlighting its predictive power for ranking designs during the development of de novo enzymes. Other examples where MD simulations are exploited for protein engineering are described elsewhere [21, 22] . The movements of solvated proteins during a hundred nanoseconds and up to one millisecond can be simulated with MD. These simulation times cover the time scale of a number of relevant molecular events for protein function (e.g. catalysis, ligand recognition, folding). Some of these molecular events can be captured by some experimental techniques, as illustrated in Fig. 2 , but these techniques are usually "blind" to the most rapid events. In these cases, MD proves a unique tool for the study of protein function and also for protein design.
During MD simulations, the interactions between atoms are used to calculate the energy of the molecule; atoms in the molecule are assigned an initial velocity, making possible a fluctuation in the spatial position of atoms. The extent of the fluctuation depends on the interactions forces and influences the potential energy. Thus, every certain period the position and velocity of atoms are recalculated, by solving Newton´s equations of motion, as well as the potential energy at that point in time. Through MD simulations a set of microstates of the protein can be obtained, and from them, some properties may be calculated. The most common calculated property is potential energy, which is usually sought to be minimal as this suggests a highly stable structure; but MD simulations can also give quantitative information on the number, type and duration of different interactions (hydrogen bonds, electrostatic and polar interactions, etc.), as well as changes on properties (size, polar vs non polar) of solvent accessible surface, as a function of time and of other factors such as salt concentration, pH and temperature.
MD simulations have been successfully used to evaluate the orientation of a substrate in the active site of the protein and to analyze the fluctuations of critical substrate-protein interactions [23] . MD simulations are sometimes utilized for predicting beneficial point mutations during re-design of active sites, both by in silico studying the dynamics of the catalytic residues of experimentally challenging systems [24] [25] [26] , as well as predicting the role of substitutions within the active site cavity [27] . Regarding de novo designed enzymes, two main obstacles have been identified: low catalytic activities of the designed enzymes and a high percentage of design fails, where the variants might show no catalytic activity at all [2] . It is proposed that these failed designs result from an improper orientation between the substrate and critical residues in the active site, related to a higher flexibility of residues within the active site of the designed enzyme, compared to wild type enzymes. In these cases, directed evolution has been used to confer local rigidity; however analysis of MD simulations might help reduce the design failure rate [28] .
Remarkable examples of the important role of MD simulations in protein engineering are the de novo design of enzymes catalyzing Kemp eliminations, which is a chemical reaction not found in Nature. Catalysis of this reaction is favored in non-polar environments and in the presence of a strong base [29, 30] . Enzymes have been designed and improved to catalyze this reaction and increase the reaction rate millions of times (kcat/ kuncat ≤ 10 8 ). Following the strategy described by Lassila [31] , ORBIT software was used to design a KE-catalyzing enzyme; however, the initial design showed no KE activity [32] . The cause of inactivity was apparent after performing X-ray crystallography experiments and MD simulations. The major conclusion after the analysis of this failed design was that side chains of residues composing the active site showed higher flexibility than predicted, thus leading to the absence of the predicted binding interactions, as well as improper orientation of the substrate within the catalytic pocket. Moreover, the flexibility of these side chains allowed the entrance of water molecules into the catalytic cavity, leading to unfavorable conditions for catalysis: water molecules must be displaced in order for substrate binding to occur; and water molecules might disrupt the non polar environment which is favorable to KE catalysis, as well as decrease the pKa of the residue acting as the catalytic base. The authors proposed an iterative procedure to improve the design; a second design was obtained after selecting (after visual inspection of the structure) a more buried catalytic residue (7 Å deeper into the protein than the first design); a computational active site search was performed aiming to reduce the polarity of the new catalytic cavity while maintaining the same geometrical constraints used for the first design. The second design, differing by 19 mutations from the first design, was again simulated through MD and predicted to be active, based on the conservation of critical interactions during the simulation time. This design was experimentally proven to catalyze KE reactions, showing a catalytic efficiency (k cat /K m = 123 M -1 s -1 ) comparable to other de novo designed KE-catalyzing enzymes [18] . After another round of MD simulations, a third design was obtained containing one additional mutation that was predicted to confer better packing around the substrate, and turned out to be 3 times more active (k cat /K m = 425 M -1 s -1 ) than the second design. This protein is the most active computationally designed KE-catalyzing enzyme reported to date, although more active variants (k cat /K m = 2-6 × 10 5 M -1 s -1 ) have been obtained after several rounds of directed evolution [33, 34] . The work exemplifies the power of MD for in silico evaluation of designs, but also points out the present need to combine computational strategies with refinements steps, usually based on directed evolution strategies (leading to dramatic increases in activity, as recently shown for a de novo retro-aldolase [35] ) but also rational design as the example just discussed.
Improvements in computational power allowing for explicitly modeled water-containing long simulations (aprox. 1 ms) could favor the routine use of MD simulations for design ranking, thus reducing rates of failed or low activity designs; also, better force fields and more accurate energy functions (e.g. as those found in QM-MM/ MD simulations) could render more realistic simulations.
QM/MM tools applied to biocatalysis
The modelling of an enzymatic reaction is challenging due to the electronic changes during catalysis. To date, the most accurate description of these electronic changes is based on quantum mechanics. Quantum Mechanical (QM) methods can describe changes in the electronic structure of molecules and thus can describe chemical reactions; however, at present these methods are difficult to apply to molecules with a large number of atoms, like proteins. On the other hand, theoretical methods such as Molecular Mechanics (MM) can model systems of hundreds of atoms but cannot describe electronic changes. Therefore to model the catalysis of an enzyme, a clever approach combines QM and MM methodologies. This approach is called hybrid QM-MM method and was first described by Warshel and Levitt, who presented in 1976 a study in which they proposed the use of these hybrid methods to study a reaction catalyzed by lysozyme [36] . Since this seminal contribution and the development of computational resources, several studies of enzymes using QM-MM approaches have been developed in the last years. Hybrid QM-MM methods describe the energetics of a macromolecule dividing it in two zones [37] . The region where chemical reactions or electronic rearrangements occur (e.g. active site, reactive groups, cofactors, and substrates) are treated with QM methods, whereas the rest of the enzyme and the solvent are treated with MM methods [38] , Fig. 3 . The energetics terms of both regions cannot be added directly, thus interaction terms between QM and MM regions are required. In general, there are two different ways to deal with the interactions couple of the energetics terms of both regions: additive and subtractive methods that include electrostatic, Van der Waals, and bonded interactions [39] [40] [41] . Different theory levels of QM calculations can be used in QM-MM methodologies; in their pioneer work on QM-MM, Warshel and Levitt used a semi-empirical approach. However, with the advances in computational power, more sophisticated methods can be used like Density Functional Theory (DFT) and ab initio (e.g. Hartree-Fock) methods. Although not widely applied to enzyme design, QM-MM has been used mainly to rationalize the results (both positive and negative) in significant current design efforts, particularly those devoted to de novo design of enzymes, but in some cases predictions are also extracted from this type of calculations.
Modeling enzymes with QM/MM methods. Some examples.
The first example of an enzyme mechanism study with QM-MM methods refers to Warshel and Levitt's work [36] . They studied the mechanism of lysozyme during catalysis. In accordance with their results, they described that the mechanism of lysozyme depends of an "electrostatic strain" rather than a "steric strain" due to the charge distribution in the substrate during the reaction. This is the first example of an enzyme mechanism described with QM/MM methods where a semi empirical approach was used [36] . In the last few years, the use of these hybrid methods with high level theories, like DFT or Hartree-Fock, have been reported. Although in some cases only the high level theories gave accurate results (e.g. comparable to experimental observations), semi empirical methods such as empirical valence bond (EVB) are quite successful [1] .
A group of enzymes that are ideal for studies with QM-MM methodologies is metalloenzymes [42] , in which the metal may play a catalytic and/or structural role. This type of enzyme finds application in several fields, particularly the pharmaceutical industry [43] . Thus, the study of their catalytic mechanism through theoretical simulations is relevant for drug discovery and design [44] . A very recent study about zinc proteases with QM-MM methods and DFT theory was reported [45] . In this investigation, authors studied the matrix metalloproteinase 3, a Zn protease that is a promising drug target. These enzymes are involved in the degradation of the extracellular matrix; therefore, they could be a key element in cancer metastasis. In this work, the authors studied the structure and energetics of different hydrolysis paths of the enzyme mechanism. They found that substrate polarization is important for the reaction mechanism and a substantial change in the metal coordination environment was observed. These results support water-mediated peptide hydrolysis. Also, the authors proposed a new role for one histidine in the metal coordination. These results can provide strategies for the design of Zn metalloprotein inhibitors. Some other examples of use of QM-MM methodologies in this area are described in [46] [47] [48] [49] .
On the other hand, many enzymatic mechanisms involve electron transfer processes; the study of electron transfer pathway is a complex task in both experimental and theoretical investigations [50, 51] . Vidal-Limón et al. [52] used the QM-MM methodology described in Wallrapp et al. [51] to find the electron pathways involved in the suicide inactivation, a common process in heme peroxidases, of a cytochrome P450BM3 from Bacillus megaterium with biotechnological potential [53] . Based on QM-MM calculations with a DFT theory level, they identified key residues in the second coordination sphere of the heme iron group of CYPBM3. The aim of this strategy was to reduce electron delocalization from oxidizable residues and mutate those positions to obtain a more stable protein against H 2 O 2 -mediated inactivation [54] . According to their results, this method allowed a rational identification of key oxidizable targets; mass spectrometry assays confirmed the oxidized sites predicted by QM-MM. They replaced the key targets for less oxidizable residues by site-directed mutagenesis generating a variant that was 260 times more stable against H 2 O 2 inactivation [52] .
Regarding hydrolases, an important source of biocatalysts, an illustrative example of QM-MM role in enzyme design is the quantification of the electrostatic factors governing the enantioselectivity in Candida antarctica lipase A (lipA), a serine hydrolase, during the hydrolysis of a model ester (55) . The enantioselectivity of wild-type lipA and mutants with reversed enantioselectivity was reproduced through QM-MM calculations based on EVB theory. There was an acceptable agreement between calculated and experimental values of activation free energies for the hydrolysis of R and S enantiomers; the approach allowed the calculation of the energetic contribution (through linear response approximation) of each residue to the enantioselectivity. Interestingly, prediction of mutants leading to an improved enantiomeric excess were shown to be calculated in a reasonable time, thus highlighting the potential of including these types of strategies into enzyme design without too much computing expense. A similar approach was used to study both active and inactive designs of de novo KE-catalyzing enzymes discussed in the previous section [56] . High activation free energies were observed for the inactive designs, reinforcing the predictive power of QM-MM tools.
So far, we have treated QM-MM and MD simulations as independent strategies for studying enzymes; but these two methodologies can be performed together to investigate the reaction mechanisms of enzymes and study the protein-inhibition interactions facilitating the search of suitable active enzymes [57] ). For example, due to drug resistance the design of new anti-tuberculosis drugs are required. Silva et al. [58] studied the Mycobacterium tuberculosis L,D-transpeptidase that catalyze the cell wall formation of peptidoglycans that help in the resistance against β-lactams (a therapeutic class of antibacterial). In this work, QM-MM MD methods were used to clarify the reaction mechanism of the L,D-transpeptidase with DFTB theory level. According to their results, it is a two step mechanism: an acylation and deacylation. They concluded that the acylation step is the rate-limiting step, in accordance to experimental results obtained for cysteine proteases. Also, with energy decomposition methods they could find the residues responsible for binding the substrate in a proper orientation for the reaction, the importance of these residues for binding the substrate were identified previously through experimental methods, therefore the theoretical methodology used in this example is appropriate. It is worth noting that the energy decomposition methods can help to understand the substrate enzyme interaction by evaluating the difference in the energies when a residue is mutated, thus important residues in catalysis can be identified. The results described in this work may be useful for the theoretical design of compounds that could be used as therapeutic products to inhibit M. tuberculosis [58] .
Final remarks
Modern computational chemistry algorithms coupled to the impressive computing power nowadays found in most research facilities is opening the door to very thorough and realistic analyses. As shown throughout this review it is now possible to successfully design not only specific folds, but also de novo enzymatic activities; yet these tours de force are still fraught with difficulty because of our lack of understanding and the heuristic nature of the computational approaches. The careful selection of the residues or proteins to be investigated and a good knowledge of the biochemistry of the enzymatic reaction greatly increase the chances of success. The rapidly increasing body of publications and the development of novel techniques are a clear indication of the importance these techniques have for the study of biocatalysis.
